detection. Luo (1993), Soller and Genizi (1978), and Weller et al. (1990) have confirmed that very large progeny
power in outbred populations for different designs.
to allow the two activities to be joined. The main objective of this However, extremely large progeny sizes and designs research is to develop a specific scheme for mapping QTL in actual requiring two or more generations are not generally feabreeding F 1 populations of outbred plant species with a high degree sible in practice for trees and some other outbred plant of accuracy. The proposed method groups populations by common species. For example, the most recent QTL maps for founders and statistically associates founder-origin probabilities that yield components, vigor, resistance to Phytophthora paltrace the common founder haplotypes in a given region of the progeny mivora (E.J. Butler) E.J. Butler, beans traits, and ovule genome with the phenotypic expression, using a linear model with a number in T. cacao were estimated from F 1 populations structured covariance matrix. The method was applied to computer ranging from 88 to 125 individuals. These were obtained simulated data sets, corresponding to five F 1 populations of 100 indifrom the cross of a highly homozygous clone (Catongo) viduals each obtained from the crosses of a common founder with several other founders. We are currently using this scheme with cocoa with other heterozygous clones (DR1, S52, and IMC78) (Theobroma cacao L.) crosses, using selected clones resistant to spe- (Clement et al., 2003a (Clement et al., , 2003b . Therefore, alternative cific diseases to widen the genetic base of disease resistance. The accurate methods must be developed for mapping QTL results indicate that the position and effect of QTLs in the common given the conditions and genetic structure of outbred founder, that explain each at least 14% of the phenotypic variance, plant species. Beavis (1998) first proposed the integracan be estimated with good precision and accuracy. The theoretical astion of QTL analysis into cultivar development to insumptions on which this approach was developed render the method crease the resolution of QTL detection, by integrating appropriate for outbred plant species that are highly heterozygous, mapping analyses across the numerous and large popuwhich is often the case in tropical tree crops like cocoa, and have phelations typically used by maize (Zea mays L.) breeders.
notypic traits that show few interlocus interaction effects.
A haplotypic method for QTL analysis in trees species using founder-origin probabilities that trace specific segments of the chromosomes in individual offspring as in-A ccurate QTL analyses have been developed in redependent variables with phenotypic values as the decent years to detect and estimate the effects of pendent variable in a simple regression analysis has been quantitative trait loci in plant populations with different proposed for one population using the granddaughter genetic structures. While high resolution QTL maps can design (Reyes-Valdé s and Williams, 2002) . Their results be obtained from large populations of annual plant spewere similar to those obtained by Haley et al. (1994) cies developed from crossing inbred lines followed by that used all marker information. This method requires, self-fertilization for two or more generations, the analyhowever, the information from three generations for sis of quantitative trait loci is more difficult in outbred QTL detection. In contrast, we suggest an approach that plant species. Some of the difficulties arise when heterouses founder-origin probabilities in several F 1 populazygous heterogeneous parents are crossed to develop a tions obtained in a full-sib mating design and combines mapping population, in which parents are differentially the F 1 populations with a selected common founder in informative at different loci. To be informative, a parent a regression-based analysis, using a linear model with a must be heterozygous both at marker loci and a linked structured covariance matrix (Searle, 1971 ; Littell et al., QTL. Complications arise if parents have alleles in com-1996) . Jannink and Jansen (2001) and Jansen et al. (2003) , mon at the QTL or marker loci, or if the parents share assuming additive effects, showed that combining re-QTL alleles in different linkage phases with the marker lated breeding populations for QTL analysis increases loci (Jansen et al., 1998; Lynch and Walsh, 1998) . In adthe power and accuracy of detection, associated mainly dition, the biological properties of some outbred species, with the increased progeny numbers in the combined like fruit trees and forest trees, impose limiting factors analysis. for mapping QTL. The number of generations per time QTL mapping analyses based on linear regression modunit and the progeny size per space unit are usually fewer els (Haley and Knott, 1992) , such as the one we propose than in annual species, resulting in lower power for QTL in this study, are approximate methods that generally give results similar to maximum likelihood methods (Lander are the parameters corresponding to the fixed effects of the and allele at the first homologs (Jansen et al., 1998; Lynch and Walsh, 1998) 
x ] is the vector of the fixed parameters for the
additive effects model, ␣* H CF x is the allele-substitution paramHere, ␦ i is dominance effect in population i.
eter of the putative QTL alleles in the common founder P CF and The details of reparameterization of models [2] and the additive and dominance effects linear models for the is the component of the residual variance corresponding to single population analyses are written by convenience in matrix population i . Alternatively, all populations can be analyzed notation as simultaneously using a covariance model with a structured residual covariance matrix (Searle, 1971; Littell et al., 1996) .
The linear model for the combined analysis is represented in matrix notation by
where
vations of the population i, n i is the number of individuals in [7] the population i; X 1i ϭ 1 i as a vector n i ϫ 1 of elements ones; a i ϭ * i  is the intercept for the population i;
 is the vector of phenotypic obser-P H SF /AB i  is the founder-origin probability matrix for the additive vations of all populations; X 1 ϭ q iϭ1 X 1i , denotes the matrix model for the population i,
is the founder-origin probability matrix for
probability matrix for the additive and dominance effects
is the vector of the fixed covariate parameters for the additive effects model, ␣* H CF x is the In this case, C H CF k 1 is a ͚ q iϭ1 n i ϫ 1 vector of known coefficients allele-substitution parameter of the putative QTL alleles in of the k 1 th common founder cofactor, and m 1 is the number the common founder P CF , and ␣* H SF i x is the allele-substitution of marker cofactors in the common founder haplotype conparameter of the QTL alleles corresponding to the founder sidered in the combined model.
The estimation of the variance components for both single population QTL analyses and combined analysis can be perthe fixed covariate parameter vector for the additive and domiformed by restricted maximum likelihood (REML) using a nance effects model, ␦ i is the dominance parameter for popularidge-stabilized Newton-Raphson algorithm, which given contion i; and e T ϭ e It is assumed that the genetic background effects absorbed 1992; Littell et al., 1996) . The analyses are performed at each by the residual component of the model are independent among 1 cM position in the linkage group, and the likelihood ratio individuals within populations in model [6] , and among popustatistic (LR) is calculated by obtaining the difference between lations in model [7] . This assumption might be unrealistic bethe Ϫ2 times the REML log likelihood of the reduced model cause individuals within populations are full-sibs and among with no QTL consideration (l 0 ) and the full model with the populations are half-sibs. To control part of the genetic back-QTL parameters (l 1 ). Full models are represented by [3] , [5] , ground by reducing the segregation variance generated by [6] , and [7] . The reduced models only include the parameter linked and unlinked QTLs, when the analysis is performed for * i and the random deviation ε ij for the population analyses, a given position in the linkage map, appropriate markers outand the vectors X 1 a and e for the combined analysis. The side of the interval analyzed can be fitted as cofactors in REML log likelihood function for the full model is described models [3] and [5] . The addition of marker cofactors to paras follows tially remove the background genetic effect has shown to increase the sensitivity and precision of QTL mapping (Jansen and Stam, 1994; Zeng, 1994) . Since the number of observations in the combined analysis differs from the number of observations in the single population analyses, the markers associated
with the interval analyzed for a given linkage group may differ between the combined analysis and the single population analyses. Therefore, the selection of cofactors sets should be done for the single population analyses, where p ϭ 3 ϩ m 1i ϩ m 2i separately for each single population analysis, and for the in model 
where I is the interval of the linkage group analyzed and delimited by two fully informative markers loci (A and B) ; C H CF k 1ij and C H SF k 2ij are the known coefficients for the k 1 th and
[10]
k 2 th markers selected as cofactors of the common founder and second founder of individual j from population i , taking The matrices X and R, and the vector ␤ correspond to the the value of 1 or 0 depending on the markers haplotype; 
when cofactors are not considered in the model. and
The REML log likelihood functions for the reduced models a (Searle, 1971; Searle et al., 1992; Littell et al., 1996) . search have shown that under conditions of regularity, high The significance of the putative QTL can be obtained by the resolution QTL mapping is dependant on large progeny sizes. approximation of the likelihood ratio test to the 2 distribution The power of QTL detection (the probability of a true marker- (Self and Liang, 1987 Weller et al., 1990; Lynch and Walsh, 1998) . In the most and M is the number of intervals in the genome. The overall general view, the q F 1 populations can be considered a set of significance level of ␣/M is discussed by Zeng (1994) . The use n ϭ n 1 ϩ n 2 ϩ · · · ϩ n q individuals containing the common of empirical thresholds based on the permutation test would founder P CF haplotype, establishing a very suitable scenario be a more robust alternative (Churchill and Doerge, 1994) , in which to implement a haplotype-based approach for QTL however, computationally more demanding.
analysis. The power of QTL detection in a combined analysis that includes all populations is expected to increase in a man-
Genetic Considerations
ner proportional to the number of populations included in the analysis, and hence increase in sample size, resulting in more Let us assume first an F 1 population developed from the accurate QTL maps. When the intralocus interaction (domicross of the founder clones, P CF and P SF i , a putative QTL in the nance) with the alleles of the second parent of every populalocus at position x in the linkage group, with alleles H 1 x and tion is incorporated into the model as showed above, however, H 2 x in the founder P CF , and the H i3 x and H i4 x alleles in the an additional assumption of independence from interlocus founder P SF i . The regression coefficients of the phenotype on QTL allele effects (epistasis) must be made. Version 9.0 (SAS Institute Inc., Cary, NC). The genome of every individual consisted of two chromosomes of 100 cM in Conversely, however, a value of ␦ i ϭ 0 would not definitively length with one marker locus every 5 cM, and two QTLs, the exclude the existence of dominance, as the dominance effect first located at a position 59 cM distal from the beginning of could be affecting the phenotype equally at all four genotypes, the first chromosome and a the second located at a position in which case it is not detected. 29 cM distal from the beginning of second chromosome. The This principle can be extended to several F 1 populations genomes of the parental clones were simulated considering that share a common founder. Such scenario is seen in the different percentages of homozygosity (20, 30, 35, 40, 45 , and context of breeding populations of fruit trees species, like 50% for founders P CF , P SF 1 , P SF 2 , P SF 3 , P SF 4 , and P SF 5 , respectively), T. cacao, in which the common founder is a selected clone with some very desirable traits, but also with undesirable genetic represented by non-informative marker loci located randomly through the chromosomes. A frequency of 5% of allele sharing et al., 1996) at every 1 cM position of the linkage group. The analyses were performed for the additive model and for the between founder clones for different loci was also included. The recombination probabilities between homologs were obadditive and dominance model, the latter both with and without cofactors. The significance of the allele-substitution for tained under the assumption of no interference among marker loci, and selecting the location in the chromosome at random the different founders and the dominance effects were tested with a t test. As candidate cofactors were considered all markfor each recombination. The genotypic model for simulation corresponding to population i is described in the Table 2. ers with the exception of the flanking markers of the interval to be analyzed for the putative QTL. Cofactors were selected The four phenotypic data sets were simulated with additive QTL effects in both chromosomes, but with QTL dominance for models (6) and (7) separately by multiple regression using the backward method (␣ ϭ 0.05). effects only for the first chromosome (Table 3) the single population analyses and the combined analy-
The macro estimates the reduced and full models (6) and (7), ses, respectively. The likelihood ratio had larger values the likelihood ratio test statistic, the covariance parameters in chromosome 1 than in chromosome 2 over the chroand their standard error with the MIXED procedure (Littell mosome segment containing the putative QTL, as expected, since chromosome 1 has the larger QTL. Analyses for the individual population analyses.
Sim. 2 20 15.7 13.4 11.9 9.9
Likelihood ratio plots from analyses using the addi- The number of cofactors included after the backward elimination was variable, from none to 10 for the single in length when cofactors were added to the analyses (Fig. 2) . The confidence intervals based on the twopopulations analyses and from 1 to 11 for the combined analyses. Improvement was achieved when marker co-LOD rule (Van Ooijen, 1992) are shown in Table 4 . The cofactor model seriously misestimated the QTL factors were added to the model when estimating the QTL position in chromosome 1 for simulations 2, 3, and position in the first simulated data set with the smallest QTL effects. However, the misestimation was no larger 4, effectively removing substantial residual variance. While the absolute maximum of the test statistic curves than 1 cM for QTL position in the other three simulations with QTL alleles of larger magnitude. Shorter contended to be over intervals close to the true QTL position, the inflexion points flanking the maximum peaks fidence intervals containing true QTL positions were obtained with the model that included cofactors for the covered segments larger than 30 cM in length when analyses were performed without cofactors (Fig. 1) .
QTL in chromosome 1 in simulations 2, 3, and 4, no larger than 6 cM. These segments were narrowed to approximately 10 cM The estimated effect for the allele-substitution values and the second founder of the first population. For the latter three simulations, even though there is an upward of QTLs contained in the founder clones using the additive and dominance effects model are shown in Table 5 .
bias in the point estimates of the allele-substitution effects of these founders, a 95% confidence interval conThe estimates were obtained with the combined analyses using cofactors, and correspond to the likelihood tains the true parameter value. Zeng (1993) showed that the partial regression coefficients are biased estimates ratio curves showed in Fig. 2 . In the first simulated data set with small QTL values, the estimated effects of the of QTL effects. In this research, the allele-substitution effects of QTL alleles in the common founder were up-QTL alleles in both chromosomes were less accurate, nor did the analysis find the correct position of the QTLs.
wardly biased from approximately 15, 5, and 7% for QTLs that explain on average 14, 28, and 35% of the pheFor the QTL alleles on chromosome 1, the allele substitution in all four simulations (Table 5 ) was signifinotypic variance across populations (Table 3) . Larger bias was observed for the point estimates of the allelecantly different from 0 only for the common founder outbred plant species to map QTLs based on founder- the analysis, and the absolute peaks of the curves were within approximately 1 cM of either side of the real substitution effects for QTL alleles in the second parent QTL position in the linkage group for quantitative trait of the first population with larger standard errors than loci that explain, on average, a minimum of 14% of the in the common founder. The average effect of allele subphenotypic variation. Although the allele-substitution stitution in chromosome 1 of founders 3 and 4 were not effect of mild and strong QTLs in the common founder significant. These were QTLs of smaller effect than of was often overestimated (Table 5) , a 95% confidence those from the common founder and the second founder interval contains the real value of the parameter. of the first population, as given by (11). Seventy-five
The most recent QTL map for cocoa was developed percent of the estimates of the allele-substitution effects in chromosome 2 of founders 2, 3, and 4 were significant by Clement et al. (2003a Clement et al. ( , 2003b , from the crosses of three female parental clones DR1, S52, and IMC78 and that combining F 1 populations to perform association analysis would increase the likelihood ratio peaks over the male parental clone Catongo. DR1 and S52 are Trinitario genotypes and IMC78 is an upper Amazon the region where the QTLs are located, as discussed by Jansen et al. (2003) for multiple related F 2:3 populations, Forastero, with heterozygosity estimates of 37, 27, and 27%, respectively; Catongo is a lower Amazon Forasyielding more accurate and precise QTL maps than single population analyses, especially for mild and strong tero clone with a highly homozygous genotype. Each population was analyzed individually using an approxiQTLs contained in the common founder. However, more extensive simulation research should be done to mation to a testcross. The number of individuals of the populations developed from the female parents DR1, test the proposed method that would include different number of populations and population sizes, unequal S52 and IMC78, were 96, 94, and 125 for yield components, vigor, and resistance to P. palmivora, and 95, 88, sizes among populations, and multiple QTLs in a linkage group. This method was designed to be implemented and 124 for bean traits and ovule number, respectively. QTL analyses using a backcross model with a sample with fully informative codominant markers, such as restriction fragment length polymorphism (RFLP) and size of 100, and assuming an informative marker linked 5 cM from the putative QTL, would be able to detect simple sequence repeats (SSR). Less-than fully informative markers or dominant markers cannot be used with a QTL whose segregation accounts approximately a minimum of 23% of total variance with a power of the haplotypic method as described above. Research should be done on the implementation of partially infordetection (probability of detecting a true association) of 90% and a significance level of 5% (Lynch and Walsh, mative markers to estimate QTL as an extension of the approach outlined in this study. 1998). A Half-Sib Design in which every marker informative male parent is crossed to 100 female parents and Marker cofactors were successfully used in the models of this research to control genetic background (Jansen a single offspring is scored from each mating, would have a power of detection of 44% with a significance and Stam, 1994; Zeng, 1994) . Another possibility to explore to control genetic background for more precise level of 5% and assuming a linked informative marker 5 cM away from the QTL that explains 14% of the phe-QTL estimation is the use of a structured covariance matrix that would include both components of genetic notypic variance. However, power is increased to 75% if three half-sib families of 100 offspring each are used variance and covariance among individuals (Gianola et al., 2003; Lund et al., 2003; Piepho, 2000) , given that to perform the analysis, and to 90% if five half-sib families of 100 offspring each are used for the calculations individuals of the same population are full-sibs and individuals from different populations with one common (Lynch and Walsh, 1998 search that generally converges with few iterations and makes available asymptotic sample variances for the estimated parameters, however, requires matrix inversion
